Abstract-Deoxyribonucleic acid (DNA), the structural basis of genetics, plays a crucial role in the life of cells. The abnormal behaviors of DNA are closely related to the pathological changes of living organisms. The advent of atomic force microscopy (AFM) provides an exciting instrument for biophysically probing the nanoscale dynamic activities of the individual native molecules, considerably complementing the results obtained by traditional biochemical population-averaged measurements. In the past decades, AFM has been widely used in DNA studies, significantly providing novel insights into molecular biology. In this paper, the methodologies and progresses of utilizing AFM to characterize the behaviors of individual DNA molecules from several facets (including DNA topography imaging, DNA mechanics measurements, DNA origami, and DNA nanorobotics) are reviewed, and the future directions are discussed.
DNA replication, and DNA transcription) and eventually influence the cell fate (e.g., survival, apoptosis, necrosis, autophagy, senescence, and death) [4] . The malfunctions of DNA are often related to various diseases, for example, abnormal changes in DNA methylation are related to cancer [5] , defects in resolving DNA replication stress are related to Seckle syndrome and laminopathy [6] . Hence, investigating the behaviors of DNA is significantly important not only for understanding physiological and pathological behaviors, but also in promoting therapies of related human diseases.
Traditional biochemical methods, such as DNA cutting (via endonuclease) and forming (via ligase), gel electrophoresis, Southern blotting, Sanger sequencing, CRISPR-Cas, and polymerase chain reaction (PCR) [7] [8] [9] [10] , handle large amounts of DNA molecules, which are unable to reveal the detailed situations taking place on individual DNA molecules. In recent years, single-molecule and single-cell assay [11] [12] [13] has been a promising area expected to have tremendous impact on biomedicine. Many methods have emerged for investigating the behaviors of single DNA, including fluorescence [14] , plasmonic detection [15] , nanofluidic device [16] , nanopipet [17] , optical tweezers [18] , magnetic tweezers [19] , cryo-electron microscopy (Cryo-EM) [20] , and atomic force microscopy (AFM) [21] . Among these techniques, AFM has unique advantages, since it can directly visualize the detailed dynamic structures of single DNA molecules in action [22] in aqueous conditions with unprecedented spatial resolution and simultaneously probe the mechanical measurements of DNA molecules. The advantages and disadvantages of these representative methods [23] , [24] for single DNA studies are summarized in Table I . The applications of AFM in characterizing the activities of single DNA molecules in the past decades have provided a lot of novel insights into DNA-related physiological processes, contributing much to molecular biology. In this article, we reviewed the utilization of AFM to investigate the nanoscale behaviors of individual DNA molecules and also discussed the future directions regarding AFM-based DNA studies.
II. IMAGING THE TOPOGRAPHY OF INDIVIDUAL DNA ACTIVITIES
The basic application of AFM in DNA-related studies is directly visualizing the fine structures of single DNA molecules. The prerequisite of imaging DNA by AFM is attaching DNA molecules onto a flat substrate. The most commonly used substrate is mica [25] . Mica has atomically flat surface after 1536-125X © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. removing the top layer [26] . After cleaving mica, potassium cations are distributed on both sides, leaving an uncompensated negative charge on both surfaces of mica [27] . Hence, cleaved mica surface is negatively charged, whereas DNA is also negatively charged. Therefore, DNA cannot naturally adsorb onto mica surface and immobilization strategies are required to attach DNA molecule onto mica. In 1992, Hansma et al. [28] developed a physical immobilization method based on cation adsorption. Freshly cleaved mica was soaked for 4-24 h in 33 mM magnesium acetate and then sonicated for 15-30 min in distilled water. After sonication, mica was dried by compressed air. Then DNA solution was dropped onto the surface of mica. Based on this physical immobilization method, single DNA molecules were clearly imaged by AFM in aqueous conditions (propanol) with scanning force ∼1 nN. By increasing the scanning force to 5 nN, DNA could be dissected by AFM tip in propanol. This divalent cation-based immobilization method is simple and effective, but it should be noted that divalent cations can cause the changes of DNA structure and morphology [27] . In 1993, Lyubchenko et al. [29] developed a new immobilization method based on silanization to image DNA molecules on mica. Freshly cleaved mica was placed in a desiccator, and then a plastic container with 30 μL of distilled 3-aminopropyltriethoxysilane (APTES) was placed in the same desiccator [27] . After covering the lid of the desiccator and incubating for 2 h, the mica was taken out from the desiccator and immersed in DNA solution for 1-2 h. With this chemically immobilization method, DNA molecules were clearly imaged both in air and under water. This silanization method preserves the plectonemic geometry of supercoiled DNA, but this method often results in large aggregates when imaged in aqueous solution due to the hydrolysis of APTES [27] .
The detailed nanoscale structures of single DNA molecules in aqueous solution can be obtained by AFM imaging. In 2013, Ido et al. [30] directly imaged the native plasmid DNA molecules in water using an ultra-low-noise frequency modulation (FM) AFM, as shown in Fig. 1(A)-(F) . In FM-AFM, the AFM cantilever vibrates at its resonance frequency with a constant oscillation amplitude. The frequency shift of the cantilever's resonance induced by the tip-sample interaction force is detected and used for the tip-sample distance regulation [31] . The frequency shift of resonance is very sensitive to the forces acting on the probe tip, and thus the force sensitivity is enhanced in FM-AFM compared with that of conventional AFM [30] . Traditional FM-AFM acquires atomic resolution imaging only in ultra-high vacuum condition [32] . In recent years, due to the improvements in cantilever deflection sensor, FM-AFM can obtain true atomic resolution in liquid [33] . Fig. 1(A) shows the FM-AFM topographic image of closed-circular plasmid DNA molecules attached on the substrate. DNA solution was dropped onto a freshly cleaved mica and incubated for 15 min. After the incubation, the mica surface was rinsed with a solution of 50 mM NiCl 2 ·6H 2 O. AFM images were recorded in the same 50 mM NiCl 2 solution. Fig. 1(B) is the high-resolution FM-AFM topographic image of a plasmid DNA molecule, clearly showing the groove structures of the backbones of the plasmid DNA molecule. The red arrows indicate the major grooves and the blue arrows indicate the minor grooves, well consistent with the theoretical molecular structure of the DNA (Fig. 1(C) ). Fig. 1(D) represents the section profile curves of the DNA in the AFM image, showing that the height of the DNA molecule was about 2 nm, which was consistent with the theoretical height (2 nm) [34] of DNA. The experimental AFM results were also compared with simulated AFM results. Fig. 1(E) is the simulated AFM image of DNA and Fig. 1(F) represents the section profile curves of the DNA in the simulated AFM image. The experimental AFM section curves matched well with the simulated AFM section curves. A notable concern for AFM imaging of DNA molecules is that the mechanical contact between AFM tip and DNA may deform the DNA molecules. From the experimental results of [30] , we can see that the height of DNA extracted from the obtained AFM image approximates the real height of DNA molecules, meaning little molecular deformation during AFM imaging. In fact, Pyne et al. [21] have examined the effect of AFM scanning force on the imaging results of DNA, showing that increased scanning force can deform the DNA. At minimum scanning forces, the measured height of the DNA agrees with the theoretical height of DNA. It should be noted that the AFM imaging resolution of DNA molecules are dependent on several factors, such as imaging modes, environmental conditions, tip radius, immobilization methods, and so on. Table II summarizes the representative DNA imaging conditions. All together, the study [30] demonstrated the outstanding capabilities of AFM in visualizing the nanoscale sec- ondary structures of single DNA molecules in aqueous condition without causing DNA deformation, which is of important significance for directly investigating the structure-function relationships of biomolecular systems with single-molecule spatial resolution.
AFM can visualize the detailed structural changes of individual protein-DNA complexes during DNA-related physiological processes. Nucleotide excision repair (NER) is an important mechanism by which damaged DNA fragments are removed from the DNA to avoid cancer [35] . During NER-mediated DNA repair process, several types of proteins bind to the damaged sites of DNA to initiate the repair process. In bacteria, the UvrA, UvrB and UvrC proteins recognize the damaged DNA fragments [36] . In 2001, Verhoeven et al. [37] used AFM to investigate the binding interactions between UvrB and DNA, as shown in Fig. 1(G) . Double-stranded DNA fragments containing a defined cholesterol lesion were constructed. The DNA was incubated with UvrB proteins. AFM images clearly show the DNA-protein complex in which a protein is bound to the DNA at about one third of the DNA length (denoted by the arrows in Fig. 1(G) ). This position corresponds to the location of the cholesterol lesion, visually showing that UvrB specifically binds to the damaged site. Restriction endonucleases are components of restriction modification systems that protect living organisms against invading foreign DNA [38] . This is achieved by recognizing the foreign DNA and subsequently cleaving it. The SfiI restriction enzyme is a type II restriction endonuclease which binds to the foreign DNA and cleaves the foreign DNA from the recognition sites [39] . In 2006, Lushnikov et al. [40] investigated the SfiI-DNA interactions by AFM, as shown in Fig. 1(H) . SfiI was mixed with DNA fragments with 1:1 ratio to incubate for 15 min at room temperature. After incubation, the mixture was fixed by 0.5% glutaraldehyde to cross-link the SfiI-DNA complex. The SfiI-DNA complex was then dropped on APTES-treated mica for AFM imaging. AFM images clearly show the SfiI proteins which bind to the DNA (denoted by the arrow in Fig. 1(H) ). Based on AFM imaging, the nanoscale detailed situations (e.g., the angle between DNA strand after SfiI binding, uncrossed or crossed orientations of DNA after SfiI binding) between SfiI and DNA were revealed, providing novel insights into the activities of restriction enzymes. DNA mismatch repair (MMR) is an important mechanism for maintain-ing genome stability by correcting base-base mispairs generated during DNA replication [41] . During MMR, MutS proteins recognize the mismatches and then initiate the repair process [42] . In 2008, Tessmer et al. [43] investigated the DNA-MutS specific interactions by AFM, as shown in Fig. 1(I) . DNA fragments containing different types of mismatches (T-bulge mismatch, GT mismatch) were constructed and incubated with MutS proteins for 1-10 min at room temperature in buffer solution (20 mM Hepes-NaOH, pH 7.8, 50 mM NaCl, 5 mM MgCl 2 ). The mixture was then dropped onto freshly cleaved mica. AFM images show that MutS proteins specifically bind to DNA (denoted by the arrows in Fig. 1(I) ). AFM has also been used to investigate the interactions between DNA molecules and other types of biomolecules, including antibody [44] (Fig. 1(J) , the arrows indicate the antibody-DNA complexes), protamine [45] , kinase [46] , and so on, providing visual understanding into individual DNA-related molecular interactions.
III. VISUALIZING STRUCTURAL DYNAMICS
OF DNA ACTIVITIES
The unique advantage of AFM in DNA studies is that AFM can reveal the topographic dynamics of individual native DNA activities in aqueous conditions. Particularly, the development of high-speed AFM [47] allows visualizing DNA dynamics at sub-100 ms time resolution [48] . EcoRII is a type IIE restriction enzyme which binds to two or three DNA recognition sites and then cleaves one of the sites [49] . In 2009, Gilmore et al. [50] used high-speed AFM to investigate the detailed dynamics of individual DNA molecules during the EcoRII-mediated DNA cleavage processes, as shown in Fig. 2(A) . In order to investigate enzyme-DNA interactions, divalent cations (e.g., Mg
2+
and Ca 2+ ) are often required to promote binding of enzymes to DNA [51] . DNA fragments containing three recognition sites of EcoRII restriction enzyme were constructed. For sample preparation, DNA fragments were incubated with EcoRII restriction enzyme in HEPES solution (pH 8.4) containing 5 mM CaCl 2 for 15 min at room temperature. After the incubation, the mixture was dropped onto the mica surface for 1 min and then washed with buffer for imaging. By high-speed AFM scanning, the dynamic processes (including binding, translocation, and dissociation) of individual EcoRII-DNA interactions were revealed. Fig. 2A (I) presents the successive AFM images of the DNA cleavage process initiated by the binding of EcoRII, clearly showing the dissociation of DNA. Fig. 2A(II) is the schematic illustration of EcoRII-mediated DNA dissociation. In 2011, the same group investigated the DNA cleavage process caused by a type IIF restriction enzyme SfiI with high-speed AFM [52] . The scan rate was 1-2 frame per second (fps). Successive AFM images showed the complete dissociation of DNA in 20 seconds after the binding of SfiI, directly improving our understanding of the dynamic DNA dissociation processes.
The DNA repair and recombination protein (RAD54) is one of the key proteins essential for homologous recombination and DNA repair in many organisms [48] . Traditional RAD54-DNA interaction studies use genetic engineering technology [53] , gel electrophoresis [54] or fluorescence labeling [55] , which cannot reveal the nanoscale situations taking place on individual DNA molecules. In 2011, Sanchez et al. [56] utilized highspeed AFM to investigate the RAD54-DNA interactions, as shown in Fig. 2 (B). RAD54 protein-DNA binding reactions were acquired by incubating 25 nM of purified RAD54 and 20 ng of supercoiled plasmid in 10 mM HEPES-KOH solution (pH 7.5) containing 2 mM MgCl 2 . For observing the dynamic interactions between RAD54 and DNA molecules, ATP solution was added to provide energy for the movement of RAD54 on DNA. As shown in Fig. 2B (I), successive AFM images (imaging time was 500 ms) clearly showed that the RAD54 protein molecule moved back and forth on the DNA. Fig. 2B(II) shows the schematic illustration of RAD54 movement on the DNA. The diffusion coefficients of RAD54 were calculated by fitting the probability distribution with exponential function, showing that the diffusion coefficients of RAD54 on DNA were in the range 0.12 × 10 3 ∼ 5.5 × 10 3 nm 2 s −1 . These results [50] , [56] obtained by AFM about individual protein-DNA interactions produce information hidden in the traditional biochemical ensemble measurements, providing novel insights into molecular activities involved in the DNA repair and recombination process.
Utilizing AFM to investigate the topographical changes of single DNA molecules after the treatment of DNA-targeted drugs improves our understanding of the actions of drugs at the single-molecule level. So far AFM studies about DNA-drug interactions are commonly performed in air, which can only provide static topographical images of single DNA molecules [34] , [57] [58] [59] [60] [61] . Daunorubicin (Dau) is an anticancer drug which interacts with DNA. The intercalation of Dau into DNA can distort the polynucleotide structure and result in enzyme inhibition, which finally influence the biological functions of DNA replication and transcription [62] . In 2013, Alonso-Sarduy et al. [63] revealed the dynamic processes of DNA-Dau interactions in liquid by time-lapse AFM imaging, as shown in Fig. 2 
(C).
For sample preparation, a drop of 1 mM NiCl 2 was deposited onto a freshly cleaved mica for 2 min. The mica was then rinsed with ultrapure water and dried with compressed air. Next, the solution containing 10 mM Tris (pH 8.0), 2 mM MgCl 2 , 10 mM NaCl, and 1 μg/mL DNA molecules was dropped onto the Ni 2+ -pretreated mica and then AFM imaging was performed in the same solution. Fig. 2C (I) represents the successive AFM topographical images of individual plasmid DNA molecules after the addition of Dau, clearly showing that the DNA molecule proceeded through a series of transitions in which their degree of negative supercoiling decreased and subsequently changed into the positive supercoiling. In order to quantitatively characterize the level of DNA supercoiling, a method based on imaging processing was developed to measure the height of DNA. As shown in Fig. 2C(II) , the original unfiltered AFM topographical images were converted into gray images. The gray images were then converted into binary images. The pixels on the DNA were statistically averaged to represent the height of DNA molecule. Fig. 2C(III) represents the dynamic changes of DNA height after the treatment of Dau, showing that DNA height significantly increased during DNA-Dau interactions. Fig. 2C(IV) is the schematic illustration of DNA-drug inter- actions. The research demonstrated the capabilities of AFM in observing the nanoscale dynamics between DNA molecules and DNA-targeted drugs, opening the door to in-depth characterization of the actions of DNA-related drugs and also providing novel assays for evaluating the efficacy of DNA-related drugs.
IV. FORCE PROBING THE MECHANICS OF SINGLE DNA MOLECULES
DNA mechanics (e.g., twisting, bending, stretching, elasticity, tension) plays an important role in regulating structural transitions and interactions between DNA and other biomolecular complexes [64] , [65] . Besides topography imaging with unprecedented spatiotemporal resolution, AFM can also manipulate single DNA molecules to make direct measurements of DNA mechanics, helping us answer questions about biological functions that would be impossible to be addressed in bulk experiments [66] . By mechanically stretching a single DNA molecule via the AFM probe, the mechanical properties of DNA can be probed by analyzing the recorded force extension curves, as shown in Fig. 3(A) . Fig. 3A(I) is the schematic diagram of the measurements. DNA molecules were deposited on a gold surface, and an untreated silicon nitride AFM probe was employed to pick up single DNA molecules by applying a contact force of several nanonewtons [67] , [68] . The AFM tip then performs approach-retract cycle movement, which results in the stretching and relaxation of the DNA molecule. The deflection of AFM cantilever and the vertical displacement of AFM probe are recorded during the approach-retract cycle, which produces the so-called force extension curves. In 1999, Rief et al. [68] investigated the mechanics of DNA by AFM, as shown in Fig. 3(A) . Fig. 3A (II) is a typical force extension curve. The red curve corresponds to the stretching process and the blue curve corresponds to the relaxation process. There is a 65 pN force peak in the extension curve (denoted by * ) and the peak indicates the B-S transition of the λ-DNA. At the force of 150 pN a new transition occurs (denoted by * * ), after which the force increases significantly upon further extension. The force during the relaxation process decreases continuously and does not overlap the force in the extension process, indicating that topological changes of the DNA occur during the extension process. The freely jointed chain model fits the low force portion of the relaxation curve well (the inset in Fig. 3A(II) ), but at higher forces the model fails to fit the force curves. Fig. 3A(III) represents the atomic-scale structural changes of single DNA molecules during the extension process by molecular modeling [69] . The modeling results show that stretching DNA causes a reduction in helical diameter, a strong base pair inclination, and a narrow minor groove of DNA, facilitating us to correlate AFM force measurements with DNA structural dynamics. AFM can also investigate the mechanics in the process of unzipping the double helix of DNA, as shown in Fig. 3A(IV-VI) . Artificial double-stranded poly(dG-dC) and poly(dA-dT) molecules were synthesized. When the DNA molecule is overstretched until the double helix melts, the resulting single strands can pair with themselves into hairpins due to the characteristics of selfcomplementarity, as shown in Fig. 3A(IV) . Fig. 3A(V) shows three repeated extension (red) and relaxation (blue) curves of one poly(dG-dC) molecule. In the first cycle (denoted by * ), the molecule was extended only into the B-S transition. In the second and third cycles (denoted by * * ), a new plateau at a force of 20 pN occurred, which corresponded to the formation of hair- pins that were unzipped in the subsequent extension process. Fig. 3A(VI) represents the results of unzipping poly(dA-dT), showing that the unzipping force was 9 pN.
The structural changes of DNA are often accompanied with the alterations of DNA mechanics. In 2000, Krautbauer et al. [70] investigated the mechanical changes of DNA after the stimulation of cisplatin, as shown in Fig. 3(B) . Cisplatin solution was added to DNA solution and then the mixture was incubated for 24 h at 37°C. DNA solution from control group (without cisplatin) or from drug group (with cisplatin) was dropped onto a gold surface and dried in air. Before experiments, the samples were rinsed with Tris buffer (10 mM, pH 8.0) containing NaCl (150 mM) and EDTA (1 mM). Then force extension curves were recorded in the same Tris buffer solution. Fig. 3B(I) is the typical force curve obtained on untreated DNA, clearly showing a distinct plateau around 70 pN which indicates the B-S transition of the DNA. The hysteresis between extension curve and relaxation curve indicates that permanent conversion occurs upon overstretching [68] . Fig. 3B(II) is the typical force curve obtained on DNA after reaction with cisplatin. There is no flat plateau in the curve as is observed in the curve obtained on untreated DNA. Moreover, the relaxation curve was virtually indistinguishable from the extension curve, indicating that cisplatin inhibited a permanent mechanical separation of the double helix. Cisplatin is one of the most clinically successful DNA covalent binder drugs [71] . Cisplatin can form various DNA adducts, including monofunctional adduct, 1, 2-intrastrand adduct, and 1, 3-intrastrand adduct, and interstrand adduct (Fig. 3B(III) ). The interstrand and intrastrand cross-links between DNA and cisplatin alter the DNA structures, which results in the changes of DNA mechanics. The mechanical properties of DNA can be tuned for special applications by modifying the structures of DNA. Increased mechanical stability of DNA is important for the applications where DNA is used as a building block. In 2015, Aschenbrenner et al. [72] investigated the effect of pyrimidines harboring C-5 propynyl modifications on the mechanics of double-stranded DNA by AFM single-molecule force spectroscopy. Three different 40-base-pair-long oligonucleotides were examined, harboring no modification, eight propynyl bases and 22 propynyl bases, respectively. The results showed that propynyl bases significantly increased the mechanical stability if DNA was annealed at high temperature, whereas at room temperature the modified DNA displayed the same mechanical stability as non-modified DNA.
The persistence length of DNA can be measured based on the analysis of AFM images. The persistence length, characterizing the rigidity of linear macromolecules, is an important parameter, since the rigidity of polymers is closely related to the conformation of polymers [73] , [74] . The persistence length is also a useful measure of the degree of energy cost of deforming a polymer [75] . The standard procedure of extracting the DNA persistence length from AFM images is based on the analysis of the mean square end-to-end distance <R 2 > and orientation angle θ between a pair of points located along contour length L [74] , [76] , [77] . The persistence length P of DNA is obtained by fitting the measurement data from AFM images with twodimensional (2D) or three-dimensional (3D) worm-like chain (WLC) model [77] :
where P is the persistence length, L is the contour length. In 2017, Murugesapillai et al. [77] compared measuring the twodimensional persistence length and three-dimensional persistence length of DNA by AFM. DNA on mica was imaged both in air and in liquid by AFM. The AFM images obtained in air were fitted by 2D WLC model and the AFM images obtained in liquid were fitted by 3D WLC model. Optical tweezers was also used to measure the persistence length of DNA in liquid. The results showed that the persistence length of DNA obtained by fitting the AFM images recorded in liquid with 3D WLC model was significantly consistent with that measured by optical tweezers. DNA imaged in air and fitted with 2D WLC model had a larger persistence length, inspiring us that imaging DNA in liquid and applying 3D WLC model can get more truthful mechanical values than imaging DNA in air and applying 2D WLC model. It should be noted that WLC model is mainly suited for DNA which has a long length. In 2006, Wiggins et al. [78] developed a new method for exactly characterizing the mechanical behaviors of DNA possessing short length, as shown in Fig. 3(C) . Fig. 3C(I) is a typical AFM image of a short DNA adsorbed on mica recorded in air in tapping mode. The authors constructed a local-elasticity model named linear sub-elastic chain (LSEC) to mimic the mechanical behavior of the short DNA, as illustrated shown in Fig. 3C(II) . The formula of LSEC model is:
where E is the bending energy, α is a dimensionless constant depending on the segment length l, θ is the bending angle, k B T is the thermal energy. Fig. 3C(III In recent years, the developments of DNA origami technologies (particularly combined with high-speed AFM) allow precisely observing and analyzing the dynamic interactions taking place in the physiological processes of single DNA molecules [79] . The DNA origami method is based on folding a long single-stranded "DNA scaffold strand" into a customized shape with a set of short synthetic strands that act as "staple" to bind the overall structure together [80] , [81] . DNA methylation plays an important role in regulating the biological functions of DNA [82] . DNA methylation involves the interactions between DNA and other biomolecules. In 2010, Endo et al. [83] investigated the structural effects on the DNA methylation, as shown in Fig. 4(A) . Fig. 4A(I) shows the 2D DNA structure (named DNA frame) constructed based on DNA origami technology and the incorporation of double-strand DNAs into the DNA frame. The DNA frame (80 nm × 100 nm) was a rectangle with a vacant rectangle area (40 nm × 40 nm) inside, in which four connection sites were introduced for hybridization of the two different double-strand DNAs. Two different double-strand DNAs including 64 base pair (bp) and 74bp were incorporated into the frame. EcoRI methyltransferase (M. EcoRI) solution was added to the DNA frame adsorbed on mica. The mica surface was then washed by buffer solution (50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10 mM MgCl 2 , and 1 mM DTT). High-speed AFM imaging was then carried out in the same buffer solution, as shown in Fig. 4A(II) . AFM images were recorded every 1 s. AFM imaging clearly showed that a M. EcoRI molecule (denoted by the arrow) bound to the 64bp double-strand DNA in the DNA frame. Statistical results showed that the ratios of the M. EcoRI binding for the 64bp and 74bp double-strand DNAs were 13% and 87% respectively, indicating the preferential binding to the 74bp double-strand DNA. In addition, when M. EcoRI bound to the 74bp double-strand DNA, the movement of the M. EcoRI molecule was significantly observed by AFM imaging. When M. EcoRI bound to the 64p double-strand DNA, the movement of M. EcoRI molecule was relatively small. During the binding of M. EcoRI to the DNA in the DNA frame, the 74bp DNA was more flexible than 64bp DNA to change the duplex structure, which resulted in the subsequent different behaviors of the bound M. EcoRI on the DNAs. The studies visually and directly showed the important role of the structural flexibility for bending of the DNA during the process of methyl transfer reaction.
The dynamic recombination processes of individual DNA molecules can be directly observed by AFM based on DNA frame constructed by DNA origami technology. Homologous DNA recombination plays a critical role in patching up the broken chromosome by copying information from a homologous chromosome or from a sister chromatid [84] . Homologous DNA recombination involves an exchange between two DNA double helices that causes a section of each helix to be exchanged with a section of the other [85] . In 2014, Suzuki et al. [86] directly observed the site-specific recombination events in a DNA frame, as shown in Fig. 4(B) . Fig. 4B(I) is the schematic illustration of Cre recombinase-mediated DNA recombination. Escherichia coli phage P1 Cre recombinase catalyzes site-specific recombination between two 34bp loxP sites. The DNA frame has a vacant rectangular area inside, in which two loxP-containing DNA strands were introduced into the DNA frame through selective hybridization between the connection sites A-B and C-D.
For recombination reactions, 20 nM of Cre was incubated with 8 nM of the DNA frame carrying two double-strand DNA at 37°C for 5 min in the buffer (20 mM Tris-HCl (pH 7.6), 1 mM EDTA, 33 mM NaCl, and 10 mM MgCl 2 ). After the incubation, 2 μL of the mixture was dropped onto a freshly cleaved mica and incubated for 30 s. The sample was then rinsed with the Tris-buffer and AFM imaging was performed in the same buffer. Fig. 4B(II) represents the successive high-speed AFM images of the Cre-induced DNA dynamics, clearly showing the dynamic conversion of the Cre-loxP synaptic complex to DNA recombinants. The Cre (denoted by the arrow) was observed to bind two loxP sites. The brightness (reflecting the height of the protein) of the protein spot decreased at 3 s, indicating the destabilization of the Cre-loxP complex. At 4 s, the protein was split into four monomer particles, which dissociated from the loxP sites, leaving recombinant DNAs. The study provides a new platform for directly investigating the structure and function of DNA-targeted enzymes at the single-molecule level.
Based on the DNA origami frame, the dynamic conformational switching of single DNA molecules can be observed with the use of high-speed AFM. In 2010, Sannohe et al. [87] investigated the K + -mediated conformational changes of doublestrand DNA. Two different unique DNA strands (G-strands) were introduced in the DNA frame constructed by DNA origami. AFM images were firstly obtained in the absence of K + ,
showing that the strands were parallel to each other and no contact between them was observed. After the addition of K + , AFM imaging showed that the G-strands suddenly formed an "X" shape, indicating the formation of an interstrand G-quadruplex. This "X" shape remained unchanged and was not broken after the formation, indicating that the "X" shape was not due to the simple overlap of the strands. After placing the sample in the buffer without KCl, AFM imaging clearly showed that the "X" shape was reverted to the parallel state, demonstrating the K + -mediated formation and disruption of G-quadruplexes. In 2012, Endo et al. [88] observed the hybridization and dissociation of photoresponsive oligonucleotides and their reversible switching behavior in the DNA frame, as shown in Fig. 4(C) . Two double-stranded DNA with photoresponsive domains at the center were placed in the cavity (40 nm × 40 nm) of the DNA frame (Fig. 4CI) ). After UV irradiation, the two DNAs dissociate. The irradiation of visible light can result in that the dissociated DNAs convert to the hybridization state. Fig. 4C(II) represents the time-lapse AFM images of the dynamic conformational changes of the DNAs in the presence of UV irradiation. AFM images were recorded every 10 s. The orange arrows indicate the "X" shape (hybridization), and the blue arrows indicate the parallel shape (dissociation). At the time 20 s, one pair of "X" DNAs changed to the parallel state. At the time 50 s and 60 s, two other pairs of "X" DNAs changed to the parallel state. Some DNAs within the DNA frame did not respond to UV irradiation, which may be due to their strong contact with the mica surface, resulting in the suppression of the movement of the DNAs in the frame. These studies [83] , [86] [87] [88] demonstrate the capabilities of AFM in probing the dynamic morphological alterations of single DNA molecules in diverse types of DNA physiological processes by precisely placing single desired DNAs in the DNA origami nanostructures, considerably improving our understanding of nanoscale DNA activities and providing a novel way to investigate the interactions between DNA and other biomolecules.
VI. ROBOTIC MEDICINE AT THE NANOSCALE BASED ON DNA
Individual DNA molecules can be manipulated by AFMbased nanorobotic system. A nanorobotic system is generally composed of a nanomanipulator as the positioning device, kinds of microscopies as its "eyes", various end-effectors as its "fingers", and types of sensors (e.g., force, displacement, tactile, strain), involving several key technologies (e.g., observation, actuation, measurement, system design and fabrication, calibration and control, communication, and human-machine interface) [89] . We have developed a human-in-the-loop AFMbased nanorobotic system, as shown in Fig. 5A(I) . Using the augmented reality environment, the operator senses the realtime contact force between the nano-object and end-effector (AFM probe) and also watches the real-time AFM images of the nanomanipulation [90] , [91] . The operator determines the next manipulation strategy based on the haptic and visual feedback results. With the nanorobotic system, single DNA molecules can be pushed on a polycarbonate surface [90] . In order to display the real-time deformation of DNA in the augmented reality environment of the nanorobotic system, the deformation model of DNA has to be identified. The manipulation region radius a is determined by the empirical function, a = f (b, t), where b is the pushing distance before DNA breaks, t is the thickness of DNA, and f is a fourth-order polynomial or a hyperbolic cosine function. Based on this modeling, the augmented reality system displays the real-time manipulations (pushing), which is significantly consistent with the AFM image recorded after the pushing operations. Single DNA molecules can also be cut by the nanorobotic system, as shown in Fig. 5A(II) . DNA molecules are adsorbed on the substrate. DNA is pushed by the nanorobotic system with different pushing forces. A large pushing force usually cuts the DNA molecule, while a small pushing force may only deform the DNA molecule without cutting it.
The DNA molecules can be robotically delivered into single cells by AFM. By combining AFM with microfluidics via microchanneled cantilevers with nano-sized apertures, small amounts of molecules can be delivered onto the cell or can be injected into the cell [92] , [93] . By using nanoneedle probe, AFM can also deliver molecules such as DNA into the single cell [94] , [95] , as shown in Fig. 5(B) . Fig. 5B(I) represents the schematic illustration of delivering DNA into a cell by nanoneedle probe. The nanoneedle was fabricated by focused ion beam (FIB) etching of pyramidal silicon AFM tips. The diameter of the fabricated nanoneedle was 200 nm. Fig. 5B(II) shows the SEM image of the nanoneedle. The nanoneedle probe was coated by a layer of poly-L-lysine, which allowed the adsorption of DNA molecules onto the nanoneedle. Poly-L-lysine is positively charged and DNA is negatively charge, thus DNA adsorbs onto the poly-L-lysine-coated nanoneedle via electrostatic adsorption. After inserting the nanoneedle carrying DNA molecules into the nucleus of the cell, the nanoneedle was kept inserted for 3 min to allow the diffusion of nanoneedle-attached DNA in the cell nucleus. The nanoneedle then withdrew from the cell. In order to confirm the DNA injection, nanoneedle and cell were labeled with fluorescein, as shown in Fig. 5B(III) . The confocal fluorescence microscopy imaging clearly showed the nanoneedle which inserted into the cell nucleus. The movement process of nanoneedle for DNA delivering can be monitored from the recorded force curves. During the insertion-withdrawing process, force curves were recorded, as shown in Fig. 5B(IV) . A significant force peak (denoted by the arrow) occurred in the insertion portion of the curve, which indicated the penetration of cell membrane. These studies [90] , [94] , [95] show that DNA molecules can be manipulated via diverse AFM-based robotic operations (e.g., pushing, cutting, delivering), providing a novel way to investigate the DNA-related behaviors.
Besides being robotically manipulated, DNA molecular assembly has been used to construct nanoscale robotics, which provides unparalleled opportunities to control cellular functions [96] . In 2010, Lund et al. [97] developed molecular machines which showed robotic behaviors via sensing and modifying tracks of substrate molecules laid out on a two-dimensional DNA origami landscape. The molecular robots comprised one streptavidin molecule as an inert body and three catalytic legs. By using precisely designed DNA origami, the molecular robots autonomously carried out sequences of actions such as "start", "follow", "turn", and "stop". AFM imaging clearly visualized the movements of molecular robots on the DNA origami substrate. In 2012, Douglas et al. [98] developed an autonomous DNA nanorobot which was capable of selectively delivering signaling molecules to cells. The nanorobot was composed of two clasps made of DNA origami. The nanorobot had dimensions of 35 nm × 35 nm × 45 nm. Experiments showed that the nanorobot could induce a variety of tunable changes in cell behaviors. Recently, Kopperger et al. [99] developed a DNA-based molecular platform with an integrated robotic arm. The dimensions of the platform were 55 nm × 55 nm, and the length of the arm was 25 nm. The arm was actuated with externally applied electrical fields. Compared with sequence-specific switching, the use of electrical fields significantly increases the operation speed (within milliseconds) and allows computercontrolled nanoscale motion and positioning. The robotic arm can be used to deliver molecules or nanoparticles. These studies [97] [98] [99] show the exciting functional nanorobots based on DNA molecules, which open the door to robotic medicine at the nanoscale.
VII. DISCUSSION AND PERSPECTIVE
In the past decades AFM has achieved unprecedented success in characterizing nanoscale DNA behaviors from diverse aspects, including high-resolution and dynamic topographical imaging, mechanical measurements, precise probing based on DNA origami technology, and DNA nanorobotics, significantly complementing traditional biochemical studies and contributing much to molecular biology. However, it should be noted that for current AFM studies of DNA activities, purified DNA molecules are commonly adsorbed on the surface of mica [100] [101] [102] [103] [104] . Though this research method provides novel insights into individual DNA behaviors, the obtained results on mica-adsorbed DNA cannot reflect the real situations of DNA activities taking place inside the cell. Besides, attaching DNA molecules onto mica requires electrostatic adsorption via divalent cations (e.g., Mg 2+ ) or covalent binding by chemically modifying the mica surface (e.g., coating mica with APTES) [27] , which inevitably affects the behaviors of DNA molecules. For example, sometimes the strong binding between DNA and mica surface can inhibit the movement of DNA [88] . Directly investigating the DNA molecules in the cells by AFM will be meaningful for understanding DNA behaviors. For DNA in the cell, DNA forms chromatin with proteins and RNAs [105] . AFM has been used to investigate the individual nucleosome in vitro [106] , [107] which is the basic functional unit of chromatin [108] . Nevertheless, directly probing nanoscale behaviors of single DNA molecules in the cell by AFM has been scarce. Recently, Koo et al. [109] have used AFM single-molecule force spectroscopy to successfully probe the microRNA molecules in the cell with the use of functionalized tip. A hybrid binding domain (HBD) was linked to AFM tip. HBD can specifically bind to the RNA/DNA hybrid duplex. By recording arrays of force curves at a high resolution on the chemically fixed cell, the distributions of individual microRNAs were mapped in the cell. The study provides a feasible way to directly probe the DNA molecules in the cell.
AFM has been shown to be capable of detecting quantitative parameters of single DNA molecules (e.g., transition force [68] , [70] and persistence length [77] , [78] ), precisely observing the physiological processes of single DNA molecules based on DNA origami nanostructures [86] [87] [88] and performing robotic manipulations on individual DNA molecules [90] , [95] , which is of fundamental significance for understanding DNA behaviors. However, the practical significance of AFM-obtained results has been poorly investigated. In recent years, researchers have explored utilizing AFM to directly probe the molecular activities on clinical biopsy samples [110] [111] [112] and the results have shown the indicative role of AFM-obtained molecular measurements in disease diagnosis and drug efficacy prediction. In order to examine the clinical significance of AFM-based DNA studies, it is required to detect the DNA molecules of the primary diseased cells prepared from the clinical patients. For doing this, diseased cells need to be isolated from the clinical biopsy samples and then DNA needs to be extracted [113] from the diseased cells. Besides, we know there are thousands of genes [114] in the DNA. For a particular disease, it will be of significance to analyze the mechanical behaviors of the corresponding one or multiple genes by AFM. Hence, the genes which are related to the disease of the patients need to be cut from the DNA. Investigating the mechanical properties of the DNA gene patches and then correlating them with the results of clinical diagnosis (e.g., different subtypes of cancers) and treatment (e.g., various drug efficacies for different patients) will help us to understand the potential relationships between nanoscale DNA mechanics and clinical diseases.
Due to the continuous improvements in the performance and function of AFM, AFM has become a powerful multifunctional platform that allows imaging and measuring biological samples from single molecules to living cells [115] . Multiple parameters of the biological sample, including topography, elasticity, mechanics, and adhesion force, can be simultaneously obtained by multiparametric AFM imaging mode [116] , [117] . Recently Meng et al. [118] developed a magnetic drive peak force modulation AFM to broaden the dynamic range of the probe with direct cantilever excitation. This method can unify the elastic modulus range up to four orders of magnitude (from 1 kPa to 20 GPa) with a single probe, which is particularly useful for probing the mechanical behaviors of biological samples from different levels. High-speed AFM can now be used to image living mammalian cells [119] . So far the AFM-based DNA studies are commonly focused on observing the structural and mechanical properties of DNA molecules. How to use mechanical forces to control the fate of biochemical reactions involved in DNA activities is poorly understood [66] . In order to correlate the AFM-obtained information (e.g., structure and mechanics of DNA molecules) with the biochemical functions of DNA, AFM needs to be combined with biochemical assays. Researchers have explored combining AFM with other techniques, e.g., confocal fluorescence microscopy [120] , patch clamp [121] , molecular dynamic simulation and protein engineering [122] , which allows simultaneously acquiring complementary information. Further, AFM-based DNA probing can be combined with the AFM studies which observe the biophysical properties of related biological samples (e.g., protein, cell). Combining AFM-based individual DNA studies with complementary investigations will be useful for comprehensively understand the structure, mechanics and functions of biomolecules.
VIII. CONCLUSION
The applications of AFM in DNA researches have provided a wealth of novel information about the DNA behaviors at the nanoscale, demonstrating that AFM is an important tool for individual DNA characterizations with unprecedented spatiotemporal resolution. We have reviewed here the state-ofthe-art of AFM-based individual DNA studies, including single DNA high-resolution topographical imaging, visualization of DNA structural dynamics with high-speed AFM, mechanical measurements of DNA, observing DNA molecular activities based on DNA origami nanostructures, and DNA-based nanorobotics. The methodologies reviewed here can be applied to other DNA-related biomolecular systems. We expect that as more AFM-based DNA studies are performed in the future, especially combined with complementary studies, it will lead to a comprehensive understanding of nanoscale DNA activities, which will have potential impacts on biomedical treatment and drug development.
